In this study, we investigated the role of turbulence fluctuations on the entrainment of a fully exposed grain near threshold flow conditions. Experiments were carried out to measure synchronously the near bed flow velocity and the particle movement for a range of flow conditions and resulting particle entrainment frequencies. We used a simplified bed geometry consisted of spherical particles to reduce the complexities associated with the variations in the bed and flow details in an effort to identify the underlying dominant physical mechanism. An analysis was performed based on common force approximations using near bed flow velocity. Turbulence fluctuations were treated as impulses, which are products of magnitude and duration of applied force. It is demonstrated that besides the magnitude of the instantaneous forces applied on a sediment grain, their duration is important as well in determining whether a particle will be entrained by a turbulent flow event. Frequency of particle entrainment varied remarkably with minute changes in gross flow parameters. Impulse imparted on the sediment grain by turbulent flow was found to be well represented by a log-normal distribution. We obtained a ͑log-normal͒ probability density function ͑pdf͒ dependent on only the coefficient of variation of the impulse ͑impulse intensity͒. Relation of the impulse intensity to the particle Reynolds number, Re ‫ء‬ , was established. The sensitivity of the computed impulse to the critical force level, as well as the influence of the critical impulse level on the dislodgement events, was explored. Particle entrainment probabilities were found using the derived pdf as well as experimental observations and a good agreement between the two is reported. Implications of the presented impulse concept and our experimental findings for sediment mobility at low bed shear stress conditions are also discussed.
I. INTRODUCTION
The incipient motion condition for granular material defines the stability of erodible beds and constitutes the central problem for sediment transport in rivers, coastal areas, and atmospheric flows. Shields' deterministic framework, 1 employing time-space average bed shear stress to describe the driving hydrodynamic forces near the bed is the most widely used practical tool and has been for over 70 years. 2 On the other hand, as a result of decades of work, the literature acknowledges the significance of momentary high turbulent forces on mobilizing the sediment grains at incipient conditions. [3] [4] [5] [6] [7] [8] These forces occur randomly in space and time due to the turbulent flow near the bed. 9 It is advocated that the movement of a grain begins when the local instantaneous turbulent forces overcome the resisting forces, which are also statistical in nature. 8 Occasional sediment movement is still possible under turbulent flow conditions where the mean hydrodynamic force is not large enough to entrain the particles. 10, 11 In addition, Paintal, 10 using long observation periods, showed under flow conditions well below conventional critical conditions, such as those proposed by Shields, 1,2 that not only the random movements of bed material are observed, but a small increase in the bed mean shear stress causes a significant increase in the movement of bed material. Paintal 10 reported that at these low stresses the bedload transport rate increases with the 16th power of the boundary shear stress. Helland-Hansen et al. 12 and Hofland 13 also made observations under low shear stress and low mobility conditions; those are in qualitative agreement with Paintal's 10 findings.
Incipient motion criteria utilizing gross flow characteristics, such as those proposed by Shields, do not account for the force fluctuations and therefore are not sufficient to describe the phenomenon at incipient conditions. This view has led many researchers to argue that a unique threshold level in terms of bed shear stress does not exist at which the grain movement suddenly begins. 11, [14] [15] [16] Many researchers, in an effort to overcome the limitations of the time-averaged wall shear stress approach, explored the role of turbulent velocity and the resulting fluctuating hydrodynamic forces near the bed on the particle dislodgement, particularly for incipient conditions. Several deterministic and stochastic approaches have been proposed as a result. [17] [18] [19] [20] [21] [22] Common in these approaches is the importance of the magnitude of peaks in the local flow velocity, the streamwise component in particular, and resulting instantaneous forces acting on individual grains in mobilizing these particles. Despite these efforts and partially due to the experimental difficulties in observing the threshold of sediment movement with synchronized flow measurements, which also lead to subjectivity in defining the bed mobility, 2, 17, 18 the precise determination of the incipient condition remains elusive. Moreover, the nature of the processes that are causing the phenomenon observed by Paintal 10 has not been explained by the recent methods so far.
The sensitivity of the interactions between local turbulent flow and mobile sediment to even a minute interference, observed during incipient motion experiments, suggests that the investigation of threshold of particle movement requires the use of nonintrusive particle tracking techniques. 18 , 23 Balakrishnan, 24 using a video camera together with local flow velocity measurements, provided evidence contrary to the general consensus, and demonstrated that not all local flow velocity fluctuations well above the mean value result in particle dislodgement under incipient flow conditions. A recent study examined this phenomenon further under well controlled laboratory conditions and demonstrated that it is not the magnitude of the applied force alone that serves as the necessary and sufficient condition for particle entrainment but rather the combination of force and duration, or impulse. 25 The implication here is that the turbulence induced momentary peak forces acting on the bed material must last long enough to cause entrainment. Although results reported by Diplas et al. 25 represent the behavior of a test particle in a well controlled environment, this conclusion implies that the impulse potential of a turbulent stream is relevant to the inception of bed material motion, rather than simply the magnitude of the instantaneous forces or timespace-averaged bed shear stress.
The goal of this study is to carry out laboratory flume experiments to further investigate the influence of impulse on entrainment of a single grain for a range of flow strengths and resulting entrainment frequencies. This is pursued by examining long duration data sets of synchronously measured local streamwise flow velocity ͑and associated impulse values͒ and the entrainment of a mobile test particle. The former was measured via the use of a laser Doppler velocimeter ͑LDV͒, while the latter was monitored using a laserbased particle tracking technique.
Tests were performed in fully developed uniform open channel flow at near threshold conditions. In this study, in an effort to simplify the phenomenon to its most elemental form and facilitate the development of cause and effect relations ͑while retaining the physics which dominate͒, the entrainment of an isolated, fully exposed, spherical particle was examined. The preferred mode of particle movement under these conditions is rolling, consistent with observations made in the field for rounded or semirounded particles subjected to near threshold conditions. 4, 11 The impulse concept and the detection of impulses are explained in the following section. The experimental methods are described in detail in Sec. III. Statistics and probability density function ͑pdf͒ of impulses detected in various runs are presented in Sec. IV A. We discuss in Secs. IV B and IV C the sensitivity of the total number of impulses observed and the number of impulses with a potential to yield particle entrainment to the critical force and critical impulse levels, respectively. Following these analyses, the probability of particle entrainment is explored in Sec. IV D. Implications of our findings to sediment movement at low bed shear stresses are discussed in Sec. V. Conclusions are given in Sec. VI.
II. IMPULSE CONCEPT
Despite the evidence available in the literature on the dynamical significance of the magnitude of fluctuating local turbulent forces in mobilizing the bed material, the durations over which these turbulent forces act received no attention thus far with the exception of Diplas et al. 25 They provided evidence that the impulse imparted by near bed turbulent events has to be larger than a critical impulse level to entrain a sediment grain from rest. 25 Understanding the statistical characteristics of impulse imparted by turbulent flow, rather than just those of the local forces or bed shear stress is essential for describing the incipient bed material motion. In order to detect impulses we used a simple approach in which the force time history is obtained from the local flow velocity, as described in the following section.
A. Impulse detection
Here, the focus is on a simple setting where the grains are spherical and a mobile particle rests on densely packed identical size particles, as shown in Fig. 1 . For the given configuration it is assumed that the forces acting on the mobile particle are submerged particle weight, W S , and hydrodynamic force, F, assumed to act through the center of gravity of the sphere. 26, 27 Drag force, F D , is the prevailing hydrodynamic force component, in line with the flow direction. The lift force, F L , is neglected here since drag dominates grain dislodgement for highly exposed particles. 28, 29 Integrating the forcing function, F͑t͒, describing the time history of hydrodynamic force acting upon a particle, between times t 1 and t 2 , the impulse, related to particle entrainment, is given as
͑1͒
F͑t͒ Ն F cr between t 1 and t 2 , where T = t 2 − t 1 is the total duration of the applied force, ͗F͘ is the time average force over duration T, and F cr is the minimum ͑critical͒ force required to initiate bed material motion ͑obtained from the resting equilibrium conditions 18 FIG. 1. Definition sketch of the forces acting on a spherical particle resting on identical size densely packed spheres, side view ͑left͒ and top view ͑right͒ of the bed geometry.
as discussed later͒. Since F D is the only hydrodynamic force component considered here, Eq. ͑1͒ is treated in the streamwise direction and corresponding F cr , the critical drag force, F D cr , is determined as follows.
F D cr necessary to first move the spherical grain is obtained by a moment balance about the contact points of the test particle with the base particles. 18 This is illustrated in Fig. 1 
͑2͒
where the hydrodynamic mass coefficient, 18 f V = ͓1 + 0.5͑ / S − ͔͒, S is the density of the particle, is the density of water, X and Z are the lever arms, aligned with and normal to the bed, respectively, and ␤ is the angle between the channel bed and the horizontal plane. For steady flows, the relationship between F D and local flow velocity in the streamwise direction, u, upstream of the submerged body is given by
where C D is the drag coefficient and A is the projected grain area perpendicular to flow direction. It is reasonable to estimate the relative level of the instantaneous F D and its temporal variation through the approximation F D ͑t͒ϳu 2 ͑t͒.
28,30
Consequently, the u 2 time history is utilized in the analysis to estimate the drag force time history. The critical condition for the minimum drag force to initiate motion in terms of flow velocity then can be derived using Eqs. ͑2͒ and ͑3͒ to yield
͑4͒
Here f v is 1.43 for the Teflon ® ball that is used in this study and C D is assumed to be 0.9. 28 The critical u 2 value obtained from Eq. ͑4͒ is used in our analysis to detect those events in the u 2 ͑ϳF D ͒ time series which exceed the minimum required threshold value ͑u cr 2 ͒ as illustrated in Fig. 2 2 ͘ i T i , hereafter referred to as "impulse," can be obtained. Those events ͑I i ͒ associated with particle entrainments can also be identified experimentally by simultaneously measuring the particle movement together with u͑t͒. Accordingly, experiments described in the following section were performed to obtain data sets of local flow velocity and particle entrainment pairs.
III. EXPERIMENTS
Incipient motion experiments were conducted in a 20.5 m long and 0.6 m wide flume located in the Baker Environmental Hydraulics Laboratory at Virginia Tech. Sporadic entrainment events of a fully exposed, mobile Teflon ® spherical particle of diameter, d = 12.7 mm, with a specific gravity of 2.3, resting on two layers of well packed identical diameter glass spheres, was monitored together with the local flow velocity. The test section was 14 m downstream from the channel entrance to ensure fully developed turbulent flow conditions. Streamwise component of the local flow velocity, u, was measured at one diameter upstream of the test particle along its centerline with a LDV system. Figure 3 illustrates this arrangement. Entrainment of the mobile test particle was recorded utilizing a separate laser-based system that detects its displacement.
Another component of this setup was a retaining pin located 1.5 mm downstream from the mobile particle ͑see Fig. 3͒ to prevent it from being transported downstream from the measurement location. This retaining pin permitted the grain to return to its original position under the action of gravity. This simple but important feature allowed for continuous records of entrainment episodes to be obtained without manual intervention. In this fashion, sets of particle entrainment and local flow velocity data pairs were obtained for various flow conditions.
FIG. 2. Representation of the impulse events in the u
2 time series. The ith event is characterized by ͗u 2 ͘ i and T i values, representing force magnitude and duration, the product of which is impulse= ͗u 2 ͘ i T i ͑corresponds to the shaded rectangular area below the u 2 line͒. t 0 and t n were determined by interpolating the adjacent data points in the u 2 time series. The vertical line between the t 0 and t n indicates that the particle movement was observed during the ith event.
FIG. 3. Side view ͑right͒ and top view ͑upper left corner͒ sketches of the mobile test particle and pocket geometry ͑diameter of the grains, d = 12.7 mm͒.
A. Incipient particle motion detection
The particle tracking system used in this study employs a single, low power ͑25-30 mW͒ He-Ne laser source and a photodetector, positioned similar to an "electric-eye" arrangement with the voltage output of the photodetector directly related to the position of the mobile grain. The calibration of the He-Ne system was performed in situ using a micrometer and resulted in a resolution of less than 10 m over the 1.5 mm full streamwise range of particle motion. The LDV and entrainment signals were recorded synchronously via a multichannel signal processor under various flow conditions during the experiments reported here. The sampling frequency in these experiments varied between 250 and 700 Hz. A fraction of the photodetector voltage output from run E1 ͑see Table I for summary͒ is shown in Fig. 4 together with simultaneous records of u 2 and I i ͑͗u 2 ͘ i T i ͒. In this example record, both rocking and pivoting of the particle about the contact points are shown. We use the term "pivoting" to indicate those grain movement events which correspond to full grain dislodgement.
The photodetector voltage output was used to identify within the u 2 and I i , time records, the instants when a specific level of particle movement occurred. This is illustrated in Fig. 4 . After detecting the instants when the grain moved, a binary 0/1 signal, with "1" indicating any detectable particle movement was constructed ͑Fig. 4͒. Note that the impulse plot ͑in the middle͒ of Fig. 4 includes data for events with u 2 Ն u cr 2 only. The typical behavior of the test particle during the experiments was observed to be as follows. When the test particle dislodges, it rolls downstream over the valley formed by the pocket arrangement until it reaches the retaining pin ͑see Fig. 4 , instants B and C, respectively͒. The particle temporarily remains positioned against the pin until the flow induced forces are not strong enough to maintain the position of the particle ͑Fig. 4, instants C and D, respectively͒. Then the particle falls back to its original pocket as shown in Fig.  4 between instants D and E. We also observed occasional "rocking" events of the test particle in several runs an example of which is shown in Fig. 4 , instant A. At these instants, the particle moves within the pocket but does not reach the retaining pin.
B. Experimental procedure
We conducted flume experiments under eight different uniform flow conditions that resulted in various ͑time average͒ particle entrainment frequencies, f E . The following experimental procedure was repeated for each flow condition. First, the experiment was run for sufficiently long time to obtain a stable f E value ͑ϳ120 min͒. Subsequently, under ͑a͒ beginning of a rocking event, ͑b͒ beginning of a pivoting event, ͑c͒ instant when the test particle reached the retaining pin, ͑d͒ instant when the test particle started rolling back to its original pocket, and ͑e͒ instant when the particle reached its original pocket. the same flow condition, the local flow velocity and entrainment signals were recorded simultaneously for 15 min. At the completion of the run, velocity profile measurements were obtained one diameter upstream of the test particle but with the test particle removed from its pocket. The bed slope was kept constant at 0.25% throughout the experiments.
IV. RESULTS AND ANALYSIS
The analysis reveals that more than 90% of the particle entrainments in runs E1-E4 and all of the entrainments in the other four runs were associated with events having u 2 Ն u cr 2 . This high percentage indicates that our assumption about the dominance of F D on the entrainment of a fully exposed particle is reasonable. It also gives validity to the approach employed here for calculating the u cr 2 value, although some uncertainty remains because of the fact that the drag coefficient, C D , is not precisely known. 28 Table I summarizes the flow conditions. It provides the depth average flow velocity, U, flow depth, H, particle Reynolds number, Re
where u ‫ء‬ is the friction velocity, and is the kinematic viscosity ͑u ‫ء‬ was obtained using the Clauser method͒; 31 shields stress, ‫ء‬ = 0 / ͑ s − ͒gd, where 0 is time-average bed shear stress, g is gravitational acceleration; f E ; u mean which is the time average value of u at a point one diameter upstream of the test particle along its center, and turbulence intensity given by u rms Ј / u mean , where u rms Ј is the root-mean-square of the turbulent velocity fluctuations, uЈ.
Significant variation in the frequency of grain entrainment occurs with only minute changes in the gross flow parameters. 12 and consistent with more limited flume observations of Hofland. 13 It is also noted that the variation in the turbulence intensity measured in the immediate vicinity of the particle for all eight experiments is almost negligible. These findings exemplify the inadequacies of incipient motion models that employ time-space average flow parameters and suggest that deterministic and stochastic models that depend on local turbulence intensity to define the threshold of particle movement must be used cautiously.
Events, for which u 2 Ն u cr 2 , were obtained for all runs ͑E1-E8͒ by performing the analysis described in Sec II A via an impulse detection code. The statistics of detected impulse events are presented in Table II for E1-E8. The histograms of u 2 ; ͗u 2 ͘ i representing drag force averaged over the impulse duration for which u 2 Ն u cr 2 ; T i which is the impulse duration and I i , impulse from run E1 are given in Fig. 5 . A number of pdfs has been proposed for u 2 in studies concerning the sediment entrainment. 18, 19, 21 Based on the assumption that the drag force is proportional to u 2 , in combination with a Gaussian distribution for u, Papanicolaou 18 proposed a chisquared distribution to describe instantaneous drag force, which was later modified by Hofland and Battjes 30 to account for the relative turbulence intensity. But the distribution of the impulse, impulse duration or force magnitude associated with impulse events, to the writers' knowledge, has never been examined in sediment transport research. The histogram of impulse is positively skewed with a long tail as shown in Fig. 5 . These distribution characteristics are due to very high magnitude but rare impulse events. The rare impulse events, described by relatively long durations and a range of ͗u 2 ͘ i values are in fact those responsible for particle movement ͑see Sec. IV B͒. It is important to note that the duration of impulse events ͑T i ͒ shows more than an order-of- 
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A. Distribution of impulse
The impulse statistics and histograms indicate that the impulse distribution is heavily skewed. A suitable function that describes data with such properties is the log-normal distribution function. Cheng and Law 32 proposed a lognormal distribution to describe the bed shear stress fluctuations. Another example of the use of log-normal distribution function in sediment research is provided by Wu et al. 33 Recently, Mouri et al. 34 reported log normality in energy fluctuations obtained from velocity measurements for a wide range of turbulence scales at various flow conditions. It is generally argued that the origin of log normality lies in the multiplicative stochastic processes, i.e., as a result of independent stochastic variables inherent to turbulent flow phenomena. 34, 35 Impulse, the product of turbulent forces and their durations near the bed may be described by a log-normal distribution. If the impulse is nondimensionalized with its ensemble average value, Î = I / I mean , then the lognormal probability density function for the dimensionless impulse, Î as a function of the impulse intensity,
The derivation of Eq. ͑5͒ is given in the Appendix. Note that ␦ = ␦ Î , the latter being the intensity of the dimensionless impulse, Î. 
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, ͑6͒
with a coefficient of determination of 0.85. tially dictate the probability of occurrence of extreme impulse events above a high ͑critical͒ level. As it will be discussed in the next section, critical impulse level 25 itself, which has different values in dimensionless form for each run, is also crucial in determining the probability of occurrence of impulse events with a potential to entrain the particle. Measured pdfs of impulses, obtained from normalized histograms, are compared with Eq. ͑5͒ in Fig. 8 for all eight runs. ␦ values were determined from the data for each particular run and were used in Eq. ͑5͒. It can be seen that the derived pdf describes the data well. In the construction of the pdfs shown in Fig. 8 , the tail of the distribution for high impulse is emphasized. This tail characterizes the extreme impulse events and hence it is most relevant to particle entrainment for near threshold conditions, as discussed later in Sec. IV D. The selection of the optimum number of bins ͑ϳ25͒ used to resolve the tail necessarily results in poor resolution at the other extreme of the distribution ͑the rising leg and peak͒. In order to show the tail sections better, a semilogarithmic plot of Eq. ͑5͒, together with all the experimental data, is presented in Fig. 9 covering the range of test conditions ͑␦ = 0.7 and 1.1͒. Despite the scatter of data, especially at higher Î values ͑Î Ͼ 3͒, Eq. ͑5͒ predicts the overall trend well. Since the rising leg and the peak in the pdfs are now involved in rest of the analysis, no uncertainty due to the differences/lack of data points in this section of the pdf was introduced. Furthermore, low amplitude impulse events ͑where Î Ͻ 1͒ in the rising legs of the pdfs are characterized by combinations of very short T i and very high ͗u 2 ͘ i values, or vice versa. Close inspection of the data reveals that the former may not be detected accurately even at turbulent resolving sampling frequencies ͑i.e., peaks occurring within less than 5 ms͒. The latter are, on the other hand, extremely rare. Given that the analysis is sensitive to the features of detected 
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Impulse and particle dislodgement under turbulent flow conditions Phys. Fluids 22, 046601 ͑2010͒ impulses, the following Secs. IV B and IV C are presented to examine the role of critical u 2 level ͑u cr 2 ͒ on the number and statistics of the detected impulses.
B. Critical u 2 and number of impulses
Values of ͗u 2 ͘ i are plotted with respect to corresponding T i in Fig. 10 for all impulse events and including the events associated with full particle dislodgement ͑the latter are shown in the figure with solid circles͒ for runs E1 and E4. Plots given in Fig. 10 clearly demonstrate that, in agreement with the findings of Diplas et al. 25 although F D Ն F D cr is necessary for the initiation of motion, this condition alone is not sufficient to predict full grain dislodgement. Contrary to common force-balance models and other stochastic approaches, only particular combinations of ͗u 2 ͘ i and T i ͑u 2 Ն u cr 2 ͒ with moderate to large durations, yielded grain dislodgement. In fact, the most recent incipient motion models 16, 19, 20 would significantly overestimate the particle entrainment rate under similar flow and bed conditions. This is true since all of the detected events with u 2 Ն u cr 2 , for instance all 1978 events in run E1, are routinely expected to entrain the particle in such mechanistic models because these events would cause very high instantaneous drag forces on the particle. On the contrary, our experiment shows that less than 7% of these events caused particle entrainment in run E1. This finding is consistent with Balakrishnan's 24 observations. The total number of impulse events, n T , for which u 2 Ն u cr 2 , and the number of impulse events ͑u 2 Ն u cr 2 ͒ that yield particle dislodgement, n E , both observed over a 15 min sampling period, are given for all runs in Table III. Note that n E = n P + n R , where n P and n R are the number of pivoting and rocking events, respectively. As shown in Table III , the difference between the n T and n E values is dramatic for all runs. Overall, less than an-order-of magnitude increase in n T corresponds to two-orders-of-magnitude increase in the n E . This observation supports the idea that the force magnitude alone is not sufficient to describe the particle entrainment.
In order to investigate the origins of this remarkable variability in the number of impulses with minute changes in the flow conditions, the role of critical u 2 ͑u cr 2 ͒ level on the number and statistics of the detected impulses was examined. This was done artificially, not by running additional experiments with different grain density or size, but rather by adjusting the level of u cr 2 in the analysis of the current series of experiments. This approach is comparable to that by varying the gross flow parameters slightly as was the procedure in the actual experiments. In this analysis, data from run E1 were used. Eight arbitrarily chosen critical u 2 values slightly above and below the original critical level ͑u cr 2 Ϯ⌬u 2 ͒, as illustrated in Fig. 11͑a͒ , were selected to identify impulse events, now associated with drag force above the new critical level. Table IV gives the critical u 2 value that is used; the resulting number of detected impulses, mean and standard deviations of ͗u 2 ͘ i , T i , and impulse, respectively, and the impulse intensity. The row with bold font in Table IV indicates the results from the conditions where the original critical u 2 obtained from Eq. ͑4͒ was used to detect the impulses.
It is observed that the number of detected impulses is very sensitive to the chosen critical level of u 2 . Slightly shift- ing the critical u 2 level up or down results in a significant change in the number of detected impulses. The number of impulses increases by an order of magnitude when the critical u 2 level is shifted downward by only about 40% as shown in Fig. 11͑b͒ . The latter also corresponds to a hypothetical 25% decrease in the particles density ͓Eq. ͑4͔͒. This is due to the fact that as the critical u 2 is reduced, those events that were initially below u cr 2 now become important ͑i.e., detectable͒. The significant increase in the number of impulses in this analysis, similar to what was observed in the original experiments, suggests that the temporal features, resulting from the underlying structure of turbulence, together with the critical u 2 level, plays a crucial role in the significant variation of number of impulse events observed here.
The ͗u 2 ͘ i mean as well as T i std increase linearly with increasing critical u 2 level while the ͗u 2 ͘ i std and T i mean decrease. The change in T i mean with the critical u 2 level is however much more pronounced compared to the change in ͗u 2 ͘ i mean . The impulse parameters also do not vary as much as the number of impulses. Impulse intensity ͑␦ = I i std / I i mean ͒ increases in a linear fashion as the critical level moves down, mostly due to the decrease in the standard deviation of impulse. As the critical u 2 level approaches the average of u 2 , the impulse intensity increases. Together with our earlier findings ͑shown in Fig. 7͒ , this observation suggests that the distribution of impulse becomes more skewed for relatively lower critical u 2 levels. In the case of higher critical u 2 levels, however, the smaller peaks are not detected and the distribution of impulse, including only those extreme events with high impulse magnitudes, will approach a normal distribution.
It is apparent that the number of impulse events ͑those where u 2 Ն u cr 2 ͒ is sensitive to u cr 2 , but it is also clear that not all impulse events yield grain dislodgement. In the next section we investigate the relationship between those events that are above u cr 2 and critical impulse.
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C. Critical impulse and number of grain entrainments
Figures 9 and 10 imply that the turbulent channel flow contains flow structures with a potential to apply a range of impulse values varying over an order of magnitude. A threshold impulse value under the given bed and particle conditions can be defined by identifying an impulse level above which particle entrainment takes place. 25 This constant impulse is approximated by a value of ͗u 2 ͘ i T i in the overlap region where both grain movement and no movement are observed on the plot of impulse, ͗u 2 ͘ i T i , with respect to ͗u 2 ͘ i ͑Fig. 12͒. This region lies between the "impulse" values of 0.0034 and 0.0095 m 2 / s. The computed critical impulse level is obtained from the average over this region as shown in Fig. 12 ͑data from E1-E8 are included͒. The obtained ͗u 2 ͘ i T i value approximates the threshold of impulse ͑I cr ͒, considering that all of the runs were performed under a single bed configuration and thus under the same threshold of movement condition. The uncertainty in detecting the critical impulse level in our analysis is attributed to the variations in the instantaneous drag coefficient. 28 In order to investigate the role of the critical impulse level, the previous analysis using artificial critical u 2 levels ͑Sec. IV B͒ was extended. That is, a corresponding critical impulse level for each critical u 2 level ͑Table IV͒ was estimated as follows. The density of the particle corresponding to each of the critical u 2 levels given in Table IV was determined using Eq. ͑4͒. Note that here the size of the particle remains the same. A theoretical initial velocity, V init , of the particle with the calculated density, as a result of impulse, in the streamwise direction was estimated from the potential energy that the particle gains when it is elevated by an amount of ⌬z ͑0.4 mm͒ normal to the flow direction as it reaches the retaining pin, that is V init = ͱ 2g⌬z. For simplicity the energy losses due to friction were ignored for this estimate. Using the change in the linear momentum of the particle, the impulse required ͑the critical level͒ was determined for each calculated particle density using V init and Eqs. ͑1͒, ͑3͒, and ͑4͒. The assumption here is that the impulse determined for each particle density represents a minimum ͑criti-cal͒ impulse level that causes a detectible particle movement. The critical impulse level ͑I cr ͒ calculated in this fashion for the original particle density was 0.0033 m 2 / s. We note that this value is near the lower impulse threshold detected using the actual observations of particle movement ͑Fig. 12͒.
Using the estimated artificial critical impulse levels, the data for each case in Table IV were reanalyzed to identify for each critical u 2 value the corresponding number of impulse events above the approximate critical impulse level. The analysis was performed using data from runs E1 and E5. Additionally, the number of impulse events above the critical impulse level of 0.0033 m 2 / s was also determined for all eight runs. The results are presented in Fig. 13 where the number of impulse events above critical ͑I i Ն I cr ͒ per minute are plotted with respect to the total number of impulse events with u 2 Ն u cr 2 per minute, for all critical u 2 values tested using the data from runs E1 and E5. In addition, the number of actual particle movements ͑n E ͒ observed in each of the eight runs was also plotted in the figure against the original n T ͑Table IV͒. There is clearly a strong relationship between the number of events above critical impulse and the total number of impulse events, n T , regardless of the approach used to detect them, provided that the theoretical I cr is used. The functional relationship between the two variables and the coefficient of determination are given in Fig. 13 as an inset. This conformity indicates that the significant increase in both number of impulse events and the number of events above critical impulse with minute changes in either flow parameters or grain density is not a coincidence but a phenomenon inherent to turbulent flow-particle interactions. However, the actual number of ball movements is found to be lower than the number of events above a critical impulse with a potential to move the ball ͑black circles and plus signs in Fig. 13 are compared͒. One obvious reason for this difference is the fact that the calculated critical impulse used here is near the lower observed threshold for particle movement as mentioned earlier ͑Fig. 12͒. The next section examines the probability of particle movement taking into consideration the critical impulse values obtained here.
D. Probability of particle entrainment
Probability of particle entrainment has received much attention in the literature. 9, 17, 18, 36 It is commonly argued that the probability of exceeding of a given threshold level is equal to the probability of particle entrainment. 18 Here we hypothesize that the probability, p, of occurrence of flow events that exceed the impulse threshold ͑Fig. 12͒ is equal to the probability of particle entrainment, p E ͑this concept is illustrated in Fig. 14͒ . The former can be evaluated directly using Eq. ͑5͒ with the critical impulse value ͑in the form of Î cr = I cr / I i mean ͒. To examine the validity of this hypothesis the data for each of the series, E1-E8, were analyzed using three different critical impulse levels obtained from Fig. 12 : the upper, lower, and average values associated with the overlap region in the figure.
We approximate the probability p E by the relative frequency of impulse events that yield particle dislodgement, i.e., FIG. 14. Illustration of the probability analysis. The probability that a flow event will generate a level of impulse that exceeds a specified critical level, I cr , is indicated by the shaded area and is assumed to be equal to the probability of particle entrainment, p E . of the impulse threshold ͑Fig. 12͒ are also presented with respect to p E for all runs to reflect the effect on p of the uncertainty in the critical impulse. As shown in Fig. 15 , the variation of p with I cr is significant. Nevertheless, the good agreement between p and p E , using I cr = 0.0063 m 2 / s confirms that the pdf given by Eq. ͑5͒ describes the data well and suggests that, despite the significant variability in particle entrainment frequency, consistent probability values for particle entrainment are obtained near threshold conditions when the frequency of impulse ͑i.e., n T ͒ is taken into account.
V. IMPLICATIONS OF THE IMPULSE CONCEPT FOR LOW MOBILITY CONDITIONS
Bedload measurements constitute an important component in the development of reliable formulae relating the amount of transported bed material to the flow parameters. Predictions of the limiting case of nearly zero bedload transport, the threshold of motion or critical condition, are even more challenging. The complexities at very low mobility conditions are associated with flow turbulence and bed microtopography parameters, the former being most prominent. In addition, the paucity of dependable data obtained under low shear stress and low bed material movement conditions hinders understanding of sediment transport processes at incipient conditions. Given these facts, Paintal's 10 well known observation still remains to be explained.
We have shown in this study that for near threshold conditions, the particle entrainment rate increases significantly due to impulse events with only minute increases in the flow strength, interpreted in terms of boundary shear stress or similar parameters. The Shields stress values for instance in our tests varied between 0.008 and 0.011, a change accompanied by nearly two orders of magnitude increase in the number of full particle dislodgements. This behavior exhibits strong qualitative similarities with the observations of Paintal 10 and Helland-Hansen et al. 12 Figure 16 shows particle movement at low Shields stresses using, as a surrogate measure, the number of impulses per minute above a critical impulse obtained from our experiments ͑see Sec. IV C͒. Dimensionless bed load parameter, q ‫ء‬ , reported by Paintal 10 and Helland-Hansen et al. 12 are included in the same figure for comparison purposes. Despite the variability in flow and bed material parameters employed by Paintal 10 and HellandHansen et al., 12 Fig. 16 shows a nearly two-orders-ofmagnitude increase in the number of impulses ͑with a potential to move the grains͒ per minute and in the dimensionless bed load values over a low Shields stress range. The observed similarity in the trends ͑see the exponents shown in the inset of Fig. 16͒ helps explain the well known, yet poorly understood, phenomenon observed first by Paintal. 10 It also contributes to the validation of the impulse concept presented here for sediment entrainment at low shear conditions.
It is well understood now that the mean bed shear stress other than being a good descriptor of the mean forces cannot explain the local processes and resulting sediment movement at low shear stress conditions. The magnitude of the local hydrodynamic forces and their distributions form the basis of many stochastic incipient motion models to overcome the complexities of fluid-mobile boundary interactions ͑i.e., u 2 Ն u cr 2 ͒. Our results on the other hand clearly show that impulse has far greater dynamical significance in terms of initial sediment movement. This is clearly seen that the impulse events above critical ͑I i Ն I cr ͒, rather than the peak forces ͑with u 2 Ն u cr 2 ͒, are responsible for particle dislodgement ͑Fig. 12͒. Within the given shear stress range, a variability that is in close qualitative agreement with the findings of Paintal 10 and HellandHansen et al. 12 is observed in the number of impulse events above critical ͑I i Ն I cr ͒ and not the number of peak forces for which u 2 Ն u cr 2 ͑see Figs. 13 and 16͒. We believe therefore that the impulse concept presented here represents a significant step toward establishing incipient motion models with better predictive abilities.
Because the impulse is the germane criterion for describing the dislodgement of fully exposed as well as fully hidden particle configurations, 25 it is expected to remain valid for the more general cases of variable local bed topography. Furthermore, determination of a critical impulse level depends on local bed conditions. In natural settings, grain size, shape, exposure and packing density vary greatly in a probabilistic manner 8 making also the resistance ͑critical impulse͒ of grains to vary spatially. Therefore the threshold of real sediment movement in both space and time requires consideration of both the impulse potential of the turbulent flow and the distribution of critical impulse. Nevertheless, future work will be necessary to demonstrate this result conclusively.
VI. CONCLUSIONS
We showed for a range of flow conditions and particle entrainment rates that the impulse is a better suited parameter to describe the role of turbulence fluctuations on the particle movement for the given bed configuration and under incipient conditions. Using a particle tracking technique that offers high temporal and spatial resolution in detecting the motion of a single test particle, we found that the particle entrainment rate is extraordinarily sensitive to minute changes in the gross flow parameters. This finding is in agreement with well known observations of others available in the literature.
A log-normal distribution was found to describe the impulse data well ͑Figs. 8 and 9͒. Equation ͑5͒, for the lognormal distribution, is a function of impulse intensity, ␦, alone, which can be determined experimentally or using Eq. ͑6͒ for the given Re ‫ء‬ range. Equation ͑6͒ is therefore useful for further studies under similar bed and low shear stress configurations.
We demonstrated that the impulse imparted by the turbulent stream on the mobile grain has to be sufficiently large in order to cause dislodgement. Combinations of force duration and magnitude that entrained the particle were observed to be in general above a critical impulse value ͑Fig. 12͒. The durations of applied force varied an order of magnitude for corresponding relatively small range of the force ͑u 2 values͒. The resulting strong dependency of impulse values on the duration of applied forcing suggests that the magnitude of drag force is necessary but not sufficient to characterize the threshold of motion.
We also investigated the role of u cr 2 ͑representing the minimum drag force necessary to entrain the particle͒ on the number of detected impulses. Additionally, the role of critical impulse level on the number of impulse events with a potential to move the grain was examined. The results showed that minute changes in the u cr 2 and the critical impulse leads to significant variations in the number of total impulse events and events with a potential to dislodge the grain, respectively. This analysis substantiates and helps explain the observed nearly two-orders-of-magnitude increase in the particle movement rate with 35% increase in the bed shear stress.
The derived pdf ͓Eq. ͑5͔͒ of dimensionless impulse was used together with an approximated critical impulse level to find the probability of particle entrainment. Probabilities obtained in this fashion were checked against experimentally determined particle entrainment probabilities and a good agreement was achieved when an approximated critical impulse level was used.
Finally, the significant increase in the number of impulse events above critical impulse with small increases in the bed shear stress was found to be qualitatively similar to the significant increase in the bed load transport observed by others under comparable low mobility conditions.
Our results using the impulse concept link the characteristics of turbulent flow to particle entrainment and, despite the simplified bed geometry employed, have far reaching consequences in describing the inadequacies of existing incipient motion models, as well as improving our ability to model a wide range of river mechanics and other geomorphology related phenomena.
